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DETAILED ACTION 

Claims 25-30 are pending in the application. 

This Office Action is in response to the amendment filed on 3/8/04. 

Response to Amendment 
The finality of the office action mailed on 12/2/03 is withdrawn. 

Claims 25-30 are rejected under 35 U.S.C. 1 12 1 st paragraph for reasons discussed below. 

New Grounds of Rejection 
The following is a quotation of the first paragraph of 35 U.S.C. 1 12; 

The specification shall contain a written description of the invention, and of the manner and process of making 
and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the art to which it 
pertains, or with which it is most nearly connected, to make and use the same and shall set forth the best mode 
contemplated by the inventor of carrying out his invention. 

Claims 25-30 are rejected under 35 U.S.C. 1 12, first paragraph, as failing to comply with 
the enablement requirement. The claim(s) contains subject matter which was not described in 
the specification in such a way as to enable one skilled in the art to which it pertains, or with 
which it is most nearly connected, to make and/or use the invention. 

There are many factors to be considered when determining whether there is sufficient 
evidence to support a determination that a disclosure does not satisfy the enablement requirement 
and whether any necessary experimentation is "undue." These factors include, but are not 
limited to: (a) the nature of the invention; (b) the breadth of the claims; (c) the state of the prior 
art; (d) the amount of direction provided by the inventor; (e) the existence of working examples; 
(f) the relative skill of those in the art; (g) whether the quantity of experimentation needed to 
make or use the invention based on the content of the disclosure is "undue"; and (h) the level of 
predictability in the art (MPEP 2164.01 (a)). 
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Nature of the Invention: 

Claims 25-30 are drawn a transgenic mouse comprising a disruption in a PKDL2 gene, 
wherein the disruption is homozygous, the mouse does not produce functional PKDL2 protein, 
and exhibits phenotype for increased activity, relative to a wild type mouse. The claims are 
further drawn to a cell or a tissue isolated from said transgenic mouse, and a method of 
producing said transgenic mouse. 

Breadth of cla ims and amount of guidance in the specification and working Examples: 
In the instant case, claims 25-30 encompass a transgenic mouse that exhibits anti- 
depressive behavior. The specification does not provide an enabling disclosure for how to use 
the transgenic mouse as claimed. The specification discloses a PKDL2 transgenic knockout 
mouse, wherein the homozygous knockout mouse exhibits phenotype of increased activity 
characterized by an increase in total distance traveled in an open field environment. The 
specification does not provide specific teaching on how to use these mice with the disclosed 
phenotype. The specification prophetically teaches that the transgenic mouse can be used to 
screen drugs or as models for diseases, or screening agents that modulates a phenotype of said 
mouse. However, the specification fails to teach what type of diseases are the disclosed 
phenotypes related to. The specification also fails to teach how to use the agent that modulates 
the phenotype associated with PKDL2 gene disruption. As such, one skilled in the art would not 
know how to use the transgenic mouse with phenotype of increase activity as a disease model or 
screen drugs for a specific disease. Moreover, the specification fails to teach how to use a cell or 
tissue isolated from the transgenic mouse. Therefore, the teaching of the specification is limited. 
The state of art and the predictability in the art 



Application/Control Number: 1 0/005,2 1 1 Page 4 

Art Unit: 1636 

The state of art at the time of filing considers generating null mutation of a specific gene 
in mice and phenotypic behavior resulted from the mutation is unpredictable. Crawley et al. 
(1997, Psychopharmacology, Vol 132, pages 107-124) teaches that the phenotype of a mutant 
mouse is not only the result of the targeted gene, but it also reflects interactions with background 
gene, and other unknown mutations in the genetic background (see pages 107 last paragraph 
through page 108 1 st paragraph). The article further teaches that not all isogenic backgrounds are 
appropriate for a given study, since the behavioral characteristics of certain isogenic strains could 
overshadow the effects of the targeted mutations (see page 108, 1 st col., lines 10-14). 
Furthermore, it points out that no single behavior commonly measured in the open field appears 
to reflect only anxiety or emotional reactivity. Moreover, two strains commonly used in ES cell 
and knockout generation C57BL/6 and various substrains of 129 are unusual on many standard 
behavioral paradigms. The unique traits of 129 and C57BL/6 mice are examples of a widespread 
problem for interpretation of behavioral phenotypes of null mutations, given the genetic diversity 
that exists amongst the dozens of other commonly available inbred mouse strains (see page 108, 
2 nd paragraph). Therefore, whether the phenotype of increased activity is result from null 
mutation alone is unpredictable. 

The state of art at the time of the filing is silent on a transgenic mouse whose genome 
comprises a disruption in an endogenous PKDL2 gene, wherein the disruption is homozygous, 
said mouse lacks production of the PKDL2 protein, and said mouse exhibits phenotypic feature 
of increased activity, as compared to a wild type mouse. The art does not provide any teaching 
regarding the relationship between PKDL2 function and increased activity. The art is also silent 
on what type of disease is related to PKDL2 dysfunction that would result in the disclosed 
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phenotype. As such, whether transgenic mouse exhibits phenotype of increased activity can be 
used for a disease model or screening for drugs is unpredictable. One skilled in the art would 
have to engage in undue experimentation to use the invention as claimed. Therefore, the claimed 
invention is not enabled by the instant specification. 

Any inquiry concerning this communication or earlier communications from the 
examiner should be directed to Celine X Qian whose telephone number is 571-272-0777. The 
examiner can normally be reached on 9:30-6:00 M-F. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's 
supervisor, Remy Yucel Ph.D. can be reached on 571-272-0781 . The fax phone number for the 
organization where this application or proceeding is assigned is 703-872-9306. 

Information regarding the status of an application may be obtained from the Patent 
Application Information Retrieval (PAIR) system. Status information for published applications 
may be obtained from either Private PAIR or Public PAIR. Status information for unpublished 
applications is available through Private PAIR only. For more information about the PAIR 
system, see http://pair-direct.uspto.gov. Should you have questions on access to the Private PAIR 
system, contact the Electronic Business Center (EBC) at 866-217-9197 (toll-free). 



Celine Qian, Ph.D. 
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Abstract { Choosing the best genetic strains of mice for 
developing a new knockouL or transgenic mouse requires 
extensive knowledge of the endogenous traits of inbred 
strains. Background genes from the parental strains may 
interact with the mutated gene, in a manner which could 
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severely compromise the interpretation of the mutant 
phenotype. The present overview summarizes the litera- 
ture on a wide variety of behavioral traits for the 129, 
C57BL/6. DBA/2, and many other inbred strains of 
mice. Strain distributions are described for open field ac- 
tivity, learning and memory tasks, aggression, sexual and 
parental behaviors, acoustic startle and prepulse inhibi- 
tion, and the behavioral actions of ethanol, nicotine, co- 
caine, opiates, antipsychotics, and anxiolytics. Using the 
referenced information, molecular geneticists can choose 
optimal parental strains of mice, and perhaps develop 
new embryonic stent cell progenitors, for new knockouts 
and transgenics to investigate gene function, and to serve 
as animal models in the development of novel therapeu- 
tics for human genetic diseases. 

Key words Mouse ■ Inbred strains • Behavior - Genetics - 
Locomotion * Open field activity ■ Learning ■ Memory • 
Aggression • Parental behaviors • Acoustic startle * 
Prepulse inhibition ■ Alcohol • Nicotine • Cocaine ■ Opiates • 
Haloperidol • Diazepam • Breeding - Embryonic stern 
cell lines • Transgenic * Knockouts • Null mutation 



Introduction 

Recent advances in molecular genetics have greatly ex- 
panded the search for genetic determinants of complex 
behaviors (Lander and Schork 1994). Transgenic and 
knockout mice provide a powerful new tool for the eluci- 
dation of biological functions. Molecular geneticists 
have been spectacularly successful in developing the 
technology for targeted germ line mutations. A great 
many new knockouts have been made for genes ex- 
pressed in the mammalian central nervous system. Be- 
havioral neuroscientists are now analyzing the behavioral 
phenotypes of these fascinating mice. 

Theuphenotype of a mutant mouse is not only the re- 
sult of the targeted gene, but it also reflects interactions 
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with background genes, and other unknown mutations in 
the genetic background. Proteins do not work alone but 
in large biochemical complexes and cascades, where 
each step is directly dependent on many other simulta- 
neous molecular events. Thus, genetic background 
should be as carefully controlled as any other experimen- 
tal variable. The simplest way to do this is to derive and 
maintain mutations in an isogenic genetic background, a 
standard practice in other model organisms such as 
yeast, Drosophila, and C elegans. However, not all iso- 
genic backgrounds are appropriate for a given siudy, 
since the behavioral characleristics of certain isogenic 
strains could overshadow the effects of the targeted mu- 
tation. Understanding of the behavioral phenotype of the 
strain in which a mutation will be studied can avoid 
overinterpretation of the mutant phenotype. 

Since natural strain differences exist for behavioral 
traits, the genetic background of the inbred mouse strains 
must be carefully considered in the interpretation of be- 
havioral phenotypes of knockout mice (Crawley 1996; 
Gerlai 1996). Embryonic stem cells from substrains of 
129 mice are commonly used in targeting experiments. 
C57BL/6 is the strain commonly used for breeding, and 
as the background strain for spontaneous mutations. 
However, mice from the various substrains of 129 and 
C57BL/6 are unusual on many standard behavioral para- 
digms. For example, 129/Sv mice are impaired on many 
learning tasks (described below). The allelic contribu- 
tions from each parental strain can have profound inter- 
active effects with the mutated gene of interest The 
unique traits of 129 and C57BL/6 mice are examples of a 
widespread problem for the interpretation of behavioral 
phenotypes of null mutations, given the genetic diversity 
that exisls amongst the dozens of other commonly avail- 
able inbred mouse strains. 

A comprehensive database on behavioral phenotypes 
of inbred strains of mice would provide the information 
needed by molecular geneticists to make the optimal 
choice of parental strains and breeding strategies for the 
expected phenotype of each targeted mutation, and to 
interpret the results appropriately. Towards this goal, a 
guide to some of the critical literature on strain distribu- 
tions for a variety of commonly used behavioral para- 
digms is assembled herein. The findings described be- 
low summarize the behavioral genetics literature and re- 
fer the reader to pertinent reviews. The 129 substrains 
and the C57BL substrains are emphasized, including 
summaries assembled by the present authors at a recent 
meeting of behavioral geneticists, behavioral neurosci- 
entists, and molecular geneticists (Workshop on Behav- 
ioral Phenotypes of Inbred Strains of Mice 1996). This 
■first step towards conveying the rich diversity of inbred 
mouse strains available to the molecular genetics com- 
munity may also highlight the need for thorough behav- 
ioral testing of 129 substrains, and for furtherdcvelop- 
ment and testing of new embryonic stem cell progenitor 
lines. 



Strain distributions of spontaneous behaviors 

Open field locomotion 



Motor activity underlies almost every mouse behavioral 
paradigm. Dysfunctions in physical movement can pro- 
duce false positives and false negatives on behaviors of 
interest for knockout and transgenic mice. Simple, auto- 
mated tests of spontaneous locomotion are routinely per- 
formed on homozygous mutants, heterozygotes, and 
wild-type iittermates, before any further behavioral test- 
ing begins. Photocell beam measurements of open field 
locomotion, in standard photocell-equipped automated 
open field equipment, can evaluate total amount of 
movement, rate of movement, and type of spontaneous 
activity, over a 5- to 60-min test period. 

The open field test is also one of the oldest, most ex- 
tensively used, and simplest measures of mouse and rat 
emotional behavior. Over 60 years ago ; Hall provided the 
rationale for using decreased ambulation and increased 
defecation in a brightly lit open field as indices of 
heightened emotionality (Hall 1934, 1936). Subsequent- 
ly, over 20 additional behavioral measures have been : 
proposed as indices of emotionality/anxiety in the open \ 
field, as well as suggested sequential analyses of multi- 
ple behaviors (Bindraand Thompson 1953: Archer 1973- 
Walsh and Cummins 1976; Hay 1985). Of these addi- 
tional measures, rearing behavior, which decreases in an 
anxiogenic environment, and thigmotaxis, the proportion ■ 
of time the animal remains close to the walls of the open ■ 
field, are the additional behaviors most commonly as- i 
sesscd. The availability of open field apparatus which 
can record gross activity in three dimensions allows 
complete automation of activity scoring. High levels of/ 
ambulation and rearing arc positively" correlated with 
each other and negatively correlated with defecation I 
(Henderson 1967; Van Abeelen 1977; De Fries ctalJ 
[978). Increasing the stressful properties of the open t 
field, by increasing illumination level or background 
noise, generally results in decreased activity. Environ- I 
mental conditions and prior treatments, such as handling, I 
stress, surgery, and drug treatments, will affect pcrfor- 1 
mancc on open field testing. 

No single behavior commonly measured in the open J; 
field appears to reflect only anxiety or emotional reactiv- % 
ity. The open field parameters all appear to reflect multi- !, 
pie underlying traits. Thus, genes linked to open field Vv 
performance may be involved in the regulation of gener- |l 
al locomotor activity, exploratory activity, olfaction and 1 
vision, as well as fear and anxiety. In low'strcss test envi- § 
ronments, general activity probably dominates observed I 
score variance, whereas in stressful test environments, It 
e.g., high levels of illumination which are stressful for i 
nocturnal rodents, anxiety-based factors are likely ro be a |jj 
large component of observed variance in activity. Newer || 
behavioral models which are more specific for anxiety Sj 
are discussed below, in the section on anxiolytics. if 
Reviews using several types of open Held equipment fl 
and test conditions have described strain distributions of f I 
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inbred mice on open Held activity (Crabbe .1 986; DeFries 
et al. 1978; Henderson 1986; Marks et ah 1989a; Mathis 
a al. 1994). There are many different types of apparatus 
for measuring open field behavior, and for measuring 
other types of spontaneous activity, and strain distribu- 
tions vary with type of test and equipment. In general, 
the C57 inbred strains of mice, including C57BL/6, 
C57BL/10, C57BR, and C57L, consistently show high 
levels of open Held locomotion and low levels of anxi- 
ety-related measures in the open field. Intermediate 
strains include the DBA/2, CBA, AKR, and LP. Strains 
typically exhibiting low locomotor activity and high lev- 
els of emotional reactivity include DBA/1, BALB/c and 
A/J. Other strains show greater inconsistencies across 
studies. In general, albino strains are ovcrrcpresented at 
the high anxiety end of the distribution. Tn part, this may 
be a function of the added stress of high illumination to 
albino mice. Recent quantitative trait loci analyses 
(QTL) have identified six chromosomal loci which are 
strongly linked to open Field activity (Flint ctal 1995). 
Three significant QTLs accounted for most of the genet- 
ic variance in open field activity and defecation, and did 
not show linkage to a separate measure of general activi- 
ty, closed arm entries in the elevated plus maze, suggest- 
ing that sites on chromosomes 1,12, and 15 may repres- 
ent facets of the genetic basis of emotionality. 

The best choice of an inbred background on which to 
explore the impact of a null mutation on locomotor activ- 
iiy and emotional reactivity can be taken from these ref- 
erenced strain distributions. Highly active strains are the 
best choice when the mutation is predicted to decrease 
locomotion or increase anxiety; low activity strains are 
the best choice when the mutation is predicted to in- 
crease activity (e.g. hyperlocomotion predicted by the 
dopamine transporter knockout; Giros et al. 1996). 



Learning and memory 

Mouse inbred strain differences for performance on 
learning and memory tasks are well documented. A wide 
variety of paradigms have been examined which measure 
complex learning, simple associative learning and avoid- 
ance learning. Further, the important distinction between 
true learning differences versus sensory impairments that 
lead to poor performance is evaluated for inbred mouse 
strains. Visual acuity is important, for spatial learning 
tasks. Some mouse strains are albino and demonstrate 
poor vision under bright lights, while others have the ret- 
inal degeneration gene which leads to blindness in adult 
mice. Auditory function is important for paradigms in- 
volving conditioning to the presentation of a tone; some 
strains show deafness as a function of age. Responses to 
electrical shock may also vary across strains; jump 
thresholds should be determined in those paradigms 
which employ such aversive stimuli. Analogously, the 
role of strain differences in motivation, whether appeti- 
tive or aversive, needs to be rigorously dissociated from 
true learning and memory differences. 



Complex learning tasks 



These are behavioral tasks which require an animal to 
use multiple pieces of information simultaneously to 
learn. The Morris water task is frequently used to exam- 
ine spatial learning in rats (Morris 1981), and has been 
modified slightly for use in mice (Owen et al. 1997; Up- 
church and Wehner 1989). Animals are trained to locate 
a hidden platform in a circular pool filled with opaque 
water, using distal room cues. Latencies to locate the 
platform are recorded on each trial, but in mice do not 
provide robust measures of spatial learning. Measure- 
ments of spatial learning require analysis of spatial se- 
lectivity by examining performance on a probe trial, in 
which the platform is removed and the search pattern of 
the mouse is evaluated. An animal that has learned the 
position of the platform will demonstrate greater plat- 
form crosses over the trained site versus other possible 
sites, and spend more lime in the area of the pool which 
previously contained the platform versus other areas of 
the pool. Visual acuity is examined by measuring the la- 
tencies to locate a visibly marked platform thai is moved 
to various positions throughout training. The spatial se- 
lectivity of inbred mouse strains and Fl hybrids on Mor- 
ris water task performance is shown in Table 1 . 

In another form of complex learning, contextual fear- 
conditioning, animals are trained to associate a shock 
paired with a tone, in a particular contextual environ- 
ment. The methods of Fanselow (1990) and LeDoux 
(Phillips and LeDoux 1992) were adapted to mice by 
Paylor et al. (1994). Bouts of behavioral immobility, 
termed "freezing", arc used as a measure of perfor- 
mance. Adequate performance is defined as learning to 
discriminate a pairing of shock and tone in a particular 
contexi versus an altered context. The performance of in- 
bred strains and Fl hybrids on contextual fear-condition- 
ing is shown in Table 1. 

Spatial and/or working memory has been examined in 
eight-way radial arm maze tasks, in which animals must 
remember the arm of a maze in which they previously 
obtained a food reward. Rank orders of performance as 
defined by the number of correct choices using appetitive 
rewards have been determined for several inbred mouse 
strains (Ammassari-Teule et al. 1985, 1993; Reinstein et 
al. 1983). "Good" and "poof" strains are defined in Table 
1. Conditional spatial alternation in a water filled T-maze 
is also sensitive for detection of strain differences, as 
shown in Table 1. In contrast, a spatial open-field test 
(Roullet and Lassalle 1990) did not allow detection of 
significant differences across genotypes, when nine in- 
bred strains and three Fl hybrids were examined, he- 
cause variation within individual strains was great. 



Avoidance tasks 

In avoidance paradigms, animals do not enter or will 
quickly leave a location where they previously received a 
foutshock. One-way avoidance tasks can require either 
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Table 1 Performance of inbred mouse strains and Fl hybrids for 
complex learning 



Table 2 Performance of inbred mouse strains and Fl hybrids on 
avoidance learning 



Good 



Poor 



Visually impaired A. One-way avoidance 3 



A. Morris water lask a 

C57BL/6J I29Sv/J 

C57BU10J DBA/2 

129/SvevTacffir LP/J 

BALB129F1 BALB/cByJ 

B6D2F1 

B10C3F1 

129B6F1 

B. Contextual fear conditioning 1 * 
C57BL/6J FVB/NJ 
C57BL/I0J DBA/2 
129/SvJ Bub/BNJ 
1 29/SvevTacfBr C3H/Ibg 
SJL/J 

BALB/cBvJ 
LP/J 

BALB129F1 

FVB129F1 

B6D2F1 

B6SJLFI 

B10C3F1 

129B6F1 

C. Eight-way radial urm maze 1 
C57BL/6 NZB 
DBA/2 CBA 
CB6F1 C3H/He ' 
B6D2F1 BALB/C 

Z). Conditional spatial alternation' 1 
C57BL/6Ibg DBA/2Ibg 



A/J 

SJL/J 

C3H/Iba 

FVB/NJ 

Bub/BNJ 



a Based on data and conclusions from Owen et at. (1997) and Up- 
church and Wehner (1989), in which good-learning strains showed 
significantly greater crosses at the trained platform site compared 
to three other sites during a probe trial after 36 training trials. 
Poor-learning strains did not show greater crosses over the trained 
site compared to other sites. Visually impaired animals could not 
reliably locate a visibly marked platform in less than 30 s after 
eight trials 

b Based on data and conclusions from Owen et al. (1997). Good 
contextual learners were those strains that exhibited greater freez- 
ing in the training context than in the altered context as measured 
by bouts of freezing during a defined period of time. Poor learning 
strains did not show greater freezing in the context versus the al- 
tered context 

c Based on data and conclusions from Ammassari-Teule el al. 
(1993), in which strains were compared on the number of correct, 
i.e., unrepeated arm, choices in a fully baited eight-way radial arm 
maze and data and conclusions from Roullet and Lassalle (1995), 
in which strains were compared for the number of errors in an 
eight-way baited radial arm maze over five training sessions. No 
performance criterion was established but goud learning strains 
were significantly belter than poor learning strains in bothstudics 
d Based on data and conclusions from Paylor etal. (1993), in 
which nine out of ten correct trials were used as the criterion of 
learning. The poor learning strain required at least twice the num- 
ber of training trials 



an active (moving) or passive (resting) response, and per- 
formance must evaluate the possible role of general ac- 
tivity (see previous section). Two-way and avoidance- 
avoidance paradigms introduce a potentially confound- 
ing contribution of anxiety-related behaviors (see be- 
low). Literature published before 1972 was previously 



5 days of training DBA/2 >C57BL/6 >C3H/I le.I 
13 days of training DBA/2=C57B176=C3H/HeJ 

B. Two-way avoidance 6 

DBA/2 >BALB/CJ >NMRI >C57BL/6J >SM/J >C3H 

C. Avoidance - avoidance*" 

CBA/CaJ >BALB/CJ=DBA/1J >SEC/1REJ >RF/J >LP/J >A/J 
>C57BL/10J 

11 Weinberger et al. (1992) 

h Buselmaier et al. (1981) and Lipp et al. (1989) 

«■" Henderson (1989) 



reviewed and evaluated by Wahtsten ( 1 972). Some of the j 
more recent literature is summarized in Table 2. 

The best choice of an inbred background on which to \ 

explore the impact of a null mutation on learning appears \ 

to be C57BL/6. C57BL/6 are moderate learners, such j 

that cither an impairment or an improvement could theo- ! 

rctically be observed. However, breeding characteristics 5 

and the possibility of lethality of a particular null muta- ;f 

tion on an inbred background must also be examined for t 

each specific mutation. The data summarized here sup- ; 

port the view that many inbred mouse strains perform | 

poorly on complex learning tasks and several also per- .! 

form poorly on avoidance tasks. \ 



Aggressive behaviors 

Here, aggressive behavior is defined for mice as that 
with the potential for attack bites on another animal, and 
it is suggested that predation, infanticide, defense, and 
offense are types of aggressive behaviors in mice (Brain 
1979; Maxson 1992a). This section concerns strain dif- 
ferences in offense; the literature on predation, infanti- 
cide, and defense is summarized by Maxson (1992a). 



Male offense 

The first research on strain differences for male mouse 
offensive behavior was reported more than 50 years ago 
(Ginsburg and Alice 1942; Scott 1942). Since then, many 
articles provide extensive information on strain distribu- 
tions and male offense (Scott 1966; Lagerspetz and La- 
gerspetz 1974; Simon 1979; Maxson 1981; Hewitt and 
Broadhurst 1983; Maxson et al. 1983; Michard and Car- 
lier 1985; Jones and Brain 1987; Guillot et al. 1994; Ku- 
likov and Popova 1996). For example, in either homoge- 
nous set/novel cage tests or standard opponent/novel 
cage tests, it has been reported than DBA/1 and DBA/2 
are more aggressive (offense) than C57BL/6 and 
C57BL/10 males (Selmanoff et al. 1976, 1977; Guillott 
et al. 1994). However, these strain differences and others 
in offense depend on life history, test situation, and op- 
ponent type (Maxson 1992b). For example, they are re- 
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fbrids on s versed (Ogawa eta]. 1996) or eliminated (Jones and 
Brain 1987) with anosmic standard opponents. Regard- 
less, it would seem lo be best to select lire history, test 
situation, and opponent type which give an intermediate 
level of offense in a strain to be used in knockout re- 
! search. This would permit detection of increases or -de- 
creases in offense as a consequence of the knockout mu- 
tation. Because the control animals had a low level of of- 
P/J >A/J ! fense, the studies with 5-HT JB (Saudou et al. 1994), 
I MAO-A (Cases el al. 1995), and Nosl (Nelson et al. 
" j 1995) knockouts could only have detected an incremen- 
\ tat effect on Lhe mutant. 
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Female offense 

Female aggression, which may be of the offense type, is 
dependent on reproductive state. Offense in female mice 
is assessed in three reproductive conditions: neither preg- 
nant or lactating, pregnant but not lactating, or lactating 
but not pregnant. Strain differences in offense for one or 
more of these reproductive states have been described for 
DBA/2, C57BL/6, C57BL/10, AKR, BALB/c, C3H, 
CBA, and NZW inbred strains (Ogawa and Makino 
1981, 1984; Broida and Svare 1982; Jones and Brain 
1987; Svare 1988). Again, strain differences for female 
offense depend on life history, test situation, and type of 
opponent. For example, non-prcgnant and non-1 actating 
DBA/2 and C57BL/6 females do not differ in offense 
against an intruder male (Ogawa and Makino 1981, 
1984), whereas C57BL/0 females arc more aggressive 
(offense) than DBA/2 females against a lactating intruder 
female (Haug et al. 1992). Similarly, there is a difference 
in offense between DBA/2 and C51BU6 females for an 
anosmic R-S male intruder (Svare 1988) but not for an 
anosmic TO male intruder (Jones and Brain 1987). Re- 
gardless, it would be best, as with male offense, to select 
life history, test situation, and opponent type which give 
an intermediate level of offense in females for the strain 
to be used for mutant tasting. 

No general, recommendation can be given for a single 
best strain for transgenic and knockout studies of aggres- 
sive behaviors, since aggressive behavior depends on 
many developmental and experiential factors. The strain t 
test paradigm, and experience should be selected such 
that increases and decreases in an aggressive behavior 
can be detected for the null mutation. 



Reproductive behaviors 
Sexual behaviors 

The focus for strain differences in sexual behaviors has 
primarily been on male copulatory mounts, intromis- 
sions, and ejaculations. Latency, frequency, duration, and 
other measures have been used as indices for these be- 
haviors (McCill J 962, 1970). The stimulus female is 
usually artificially brought into cstrus with hormone 
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treatment. Male copulatory behaviors have been de- 
scribed for DBA/2, C57BL, C57BIV6, BALB/c t AKR, 
A/J, C3II, and CBA inbred strains of mice (McGill 1962; 
McGill and Ransom 1968; Vale and Ray 1972; Mosig 
and Dewsbury 1976; Batty 1978; Ogawa et al. 1996, 
1997). High copulatory behaviors were reported for 
C57BL and C57BL/6, lower copulatory behaviors were 
reported for DBA/2 and AKR, and the strains BALB/c 
and A/J showed the lowest copulatory behaviors. The 
same strain differences were obtained for the most part 
with estms females of different strains or Fls. 



Parental behaviors 

Parental behaviors include pup retrieval, nesting with 
pup, nursing of pup, and licking pup. The most extensive 
strain distributions for maternal pup care are by Carlier 
etal. (1982) and Cohen-Salmon et al. (1982, 1985). 
When mothers and infants are of the same strain, then 
CBA/H, C4H/Tco, C57BL/6, and CBA/J are better pup 
retrievers than BALB/c, NZB, DBA/2, XLH, A/J and 
AKR. These data may be useful in selecting strains for 
knockout research on maternal behaviors where the wild 
type or knockout mother is paired with pups of the wild 
type. For example, DBA/2 mothers have intermediate 
values for pup retrieving and pup nesting, and they may 
therefore be a good background strain to detect incre- 
mental or dccremental effects of knockout mutants. It 
must be recognized that such differences may be due to 
pup as well as to mother's strain (Cohen-Salmon etal. 
1985). 



Acoustic startle and prepulse inhibition 

Acoustic startle is the reflex response to a sudden, loud 
noise. Prepulse inhibition (PPI) is the suppression of the 
normal response to a startling stimulus when that stimu- 
lus is immediately preceded by a weak prestimulus or 
prepulse (Graham 1975). In the standard paradigm, the 
startle response is measured by presenting a loud sound 
(acoustic startle stimulus) or puff of air (tactile startle 
stimulus) to a subject and measuring the reilexive startle 
response. A low level of acoustic stimulus that itself 
docs not evoke a startle response is then presented, less 
than 100 ms before the startle stimulus, and the reflexive 
response to the startle stimulus is measured, using eye 
blink in humans and muscle twitch in rodents. The re- 
duction in the startle response when the same startle 
stimulus is immediately preceded by the weak prepulse 
is used as the measure of prepulse inhibition. 

A number of studies have shown that schizophrenic 
patients have an impaired prepulse inhibition response 
(Braff etal. 1978; Franks etal. 1983; Freedman etal. 
1983). The impairment observed in schizophrenics is 
thought to reflect an underlying problem with inhibitory 
mechanisms similar to those used for sensorimotor gat- 
ing (Braff etal 1978; Freedman etal. 1987). Rats and 
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Tabic 3 Startle response of 1 1 
inbred strains of mice 



* The maximum startle re- 
sponse (arbitrary units) to a tac- 
tile stimulus (40 ms. 1 2 psi air- 
puff) and an acoustic. stimulus 
(40 ms, 120 dB sound burst) 
for male mice from 1 1 inbred 
strains. Mice were first tested 
using the tactile stimulus fol- 
lowed a week later with the 
acoustic stimulus. Adapted 
from Paylor and Crawley 
(1997) 



Tactile stimulus'* 



Acoustic stimulus* 



Inbred strain 


Starr If* rpcnrwic/* 


1J1UICU Ml 


vStartie response 




mean f+SFM) 

JllVvlJI V O i_# I'll 




tlA -A n /j_<CI7\/f\ 
lllCdl! \XOl"IVIJ 


CS7BL/10J 


3292 (±233) 


C57BL/10J 


2417 (±283) 


FVB/NJ 


2182 (±219) 


FVB/NJ 


2009 (±163) 


BALB/cByJ 


1623 (±173) 


BALB/cByJ 


1970 (±109) 


C3H/HeJ 


1601 (±110) 


C57BL/6J 


1317 (±121) 


1 29/SvEvTac 


1407 (±261) 


A/J 


1237 (±193) 


C57BL/6J 


1306 (±140) 


129/SvEvTac 


1139 (±153) 


AKR/J 


1187 (±100) 


AKR/J 


892 (±97) 


A/J 


1038 (±167) 


CJWUc} 


888 (±90) 


DBA/2.1 


705 (±138) 


DBA/2J 


440 (±91) 


129/J • 


569 (±148) 


129/SvJ 


186 (±33) 


129/SvJ 


425 (±85) 


129/J 


181 (±47) 



Table 4 Prepulse inhibition of 1 1 inbred strains of mice 



90 dB prepulse inhibition of the 90 dB prepulse inhibition of the 
tactile startle response* acoustic startle response* 



In bred strain 


% PPI 


Inbred strain 


% PPI 




mean (±SEM) 




mean (±SEM) 


129/SvEvTac 


79 (±3) 


129/SvEvTac 


87 (±2) 


AKR/J 


72 (±3) 


AKR/J 


84 (±3) 


129/SvJ 


70 (±5) 


129/SvJ 


66 (±7) 


A/J 


66 (±3) 


129/J 


66 (±7) 


129/J 


65 (±15) 


DBA/2 J 


66 (±4) 


DBA/2 J 


48 (±9) 


l-VH/NJ 


64 (±5) 


HVB/N.I 


39 (_6) 


A/J 


61 (±7) 


BALB/cByJ 


35 (=6) 


BALB/cByJ 


51 (±7) 


C3H/HcJ 


32 (±7) 


C3H/HeJ 


48 (±6) 


C57BL/10J 


31 (±3) 


C57BL/10J 


47 (±2) 


C57B176J 


31 (±8) 


C57BL/6J 


36 (±3) 



* The %PPI of the tactile and acoustic startle responses fnr male, 
mice from 1 1 inbred strains. A range (74-90 dB) or acoustic pre- 
pulse sound levels was presented 100 ms before either the tactile 
or acoustic siarile su'muli. The table shows the %PPI using the 90 
dB prepulse stimulus. Adapted from Paylor and Crawley ( 1*997) 



mice show schizophrenic-like reductions in prepulse in- 
hibition when treated with dopaminergic agonists (Geyer 
ctal. 1990; Swerdlow etal. 1991, 1994a," b; Swerdlow 
and Geyer 1993; Johansson et al. 1995). The prepulse in- 
hibition paradigm has quickly become an ideal animal 
model to study the mechanisms underlying the sensori- 
motor gating deficit observed in schizophrenia (Geyer et 
al. 1990; Swerdlow et al. 1994a) and for screening new 
antipsychotic therapeutics. 

Startle and prepulse inhibition have been characterized 
in II inbred strains of mice (Paylor and Crawley 1997). 
Male mice (55-80 days old) from Jackson Laboratories 
(Bar Harbor, Maine, USA) or laconic Farms (German- 
town, N.Y., USA) were tested for amount of prepulse in- 
hibition of a tactile and acoustic startle response using the 
SK-Lab System (San Diego Instruments), Table 3 shows 
that different inbred strains of mice varied on both acous- 
tic and tactile startle, with the C57BL/10J showing the 
largest response and the 129/J and 129/SvJ showing the 
smallest response. Acoustic and tactile startle showed 
similar strain distributions. Interestingly, the 10J and 6J, 



which are substrains of the C57BL strain, show different 
levels of startle. Similarly, there is considerable differ- 
ence in the amount of startle among the 129/J and 
129/SvJ strains compared to the 129/SvEvTac strain. Be- 
cause the number of genes polymorphic between such 
closely-related substrains is relatively few, such a pattern 
is suggestive of a trait controlled by only a few genes. 

Table 4 illustrates the differences in prepulse inhibi- 
tion among inbred strains, with the 129/SvEvTac and the 
AKR/J strains showing the most PPI while the C57BL/6J 
and 10J showed some of the lowest levels of PPI. Strain 
distributions were similar for PPI of acoustic and tactile 
startle; however, they are somewhat different using lower 
prepulse sound levels. Interestingly, there were no signif- 
icant correlations in strain distributions for startle versus 
prepulse inhibition, suggesting that the genetic substrates 
for startle and PPI behaviors are very different. 

Additional strain distributions have been published 
for acoustic startle (Marks et al. 1989b) and for prepulse 
inhibition (Willott et al. 1994; Bullock et al. 1995), using 
different parameters and equipment. 

Recommendations of inbred strains with good startle 
responses include C57BL/10J, FVB/NJ, and BALB/cByJ. 
These can be used to detect behavioral phenotypes of null 
mutations predicted to impair startle. Recommendations 
of inbred strains with good prepulse inhibition include 
129/SvEvTac an AKR/J. These can be used to delect be- 
havioral phenotypes of null mutations predicted to impair 
prepulse inhibition. Strains with poor prepulse inhibition, 
including C57BL/6J and C57BL/10J, can be used to in- 
vestigate mutations postulated to improve prepulse inhi- 
bition. 



Strain distributions of drug-induced behaviors 

Ethanol 

Genetic determinants of the behavioral actions of ethanol 
provide an excellent example of the strengths and cave- 
ats of behavioral genetics analyses. The principles de- 
scribed herein are relevant to many other drug-induced 
behaviors described in subsequent sections. 
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The sedative hypnotic ethyl alcohol elicits a wide va- 
riety of behavioral responses in laboratory mice. Low to 
moderate doses produce behavioral excitation (e.g., in- 
creased locomotor activity and exploration, and increases 
in behaviors interpreted as reflecting anxiolysis, such as 
emergence from a dark compartment). It is curious that 
low doses given to rats seem to reduce locomotor activi- 
ty. Moderate doses are anticonvulsant, and elicit a spec- 
trum of responses, most of which are generally referred 
to as "intoxication," including dislurbanccs in thermo- 
regulation, loss of balance and ataxia, and reduced mus- 
cle tone. High doses suppress motor reflexes such as the 
righting reflex, reduce locomotor activity and explora- 
tion, induce amnesia, and, several hours later, reveal a re- 
bound nervous system hyperex citable state (proconvul- 
sant effect, i.e. reduced threshold sensitivity to seizures) 
that defines a state of acute dependence and withdrawal. 
Lethal doses suppress respiratory function. 

In addition to these dose-related (and frequently Di- 
phasic) responses, ethanol has reinforcing effects. Some 
strains ingest ethanol solutions by choice and will work 
to obtain access. Low doses can serve as an interoceptive 
cue that will sustain a conditioned preference for the lo- 
cation where ethanol was given. It is curious that in rats, 
the ethanol cue induces a conditioned place aversion, 
vSomewhat higher doses in mice (and rats) can serve to 
elicit a conditioned aversion to a flavor paired with drug 
administration. Finally, when ethanol is chronically ad- 
ministered, most sedative responses will show reduced 
magnitude (tolerance), but some stimulant responses 
(notably, locomotor increases) show enhancement (sensi- 
tization). Withdrawal severity becomes more pronounced 
with higher doses, longer durations of exposure, and re- 
peated cycles of administration. 



Inbred strain differences 

With this background, it is perhaps not surprising that it 
is not possible Lo identify a single inbred strain that is 
"sensitive," nor one that is "'resistant;' to ethanol. Strains 
differ in response to ethanol on every response parameter 
just described, but the same strains are not sensitive to all 
ethanol effects. Where multiple strains have been exam- 
ined for a single response in carefully controlled envi- 
ronmental conditions, the pattern of strain differences for 
a single response may also vary by dose of ethanol. For 
example, in one study, sensitivity and tolerance to the 
hypothermic effects of ethanol at 2, 3, or 4 g/kg was de- 
termined in C57BL/6J and DBA/2J inbred strains and 19 
of the recombinant inbred (Rl) strains rederived from 
their F 2 cross (Crabbe et al. 1994a). In this set of strains, 
each strain is homozygous at each gene, and there arc 
not more than two alleles possible (originating from ci- 
ther the C57BL/6J or the DBA/2J progenitor, for genes 
where they possess different alleles). Despite the sim- 
plicity of this genetic system, mean strain initial sensitiv- 
ity to one dose of ethanol was not perfectly correlated 
with mean strain sensitivity to the other doses. This 



means that it is not possible to assign an unequivocal 
strain rank-order for "ethanol hypothermic sensitivity." 

A second feature of the genetic control of sensitivity 
to a particular effect of ethanol is revealed by systematic 
screening of a panel of 15-20 inbred strains. Observer- 
scored ataxia in the home cage (Crabbe et al. 1982), abil- 
ity to retain balance on a stationary dowel (Crabbe ct al. 
1982) or on a rotating rod (Gall aher et al. 1996), and lo- 
comotor ataxia in the grid test (Phillips et al. 1996) all 
seem deceptively similar from the point of view of the 
human experimenter. However, systematic data suggest 
that from the mouse's point of view, they appear to be 
rather different problems. In general, the genetic correla- 
tions among strain sensitivities to these ethanol effects 
were not substantial (Crabbe et al. 1996). The influence 
of the genome seems rather finely tuned to a particular 
ethanol response, even when several such responses ap- 
pear to fall within the physiological domain, "ataxia;' 
Characterizing a strain as "sensitive to ethanol-induced 
ataxia" requires several corrobating tests, of which the 
rotarod is one. By similar reasoning, interpreting a defi- 
cit in performance on the Morris water maze by a mouse 
bearing a gene knockout as evidence of "reduced hippo- 
campal function" requires supporting data from a num- 
ber of tasks with demonstrated hippocampal dependence. 
Furthermore, the above studies employed only a single 
dose of ethanol for each task, so each task -specific pat- 
tern of strain differences could change if a different dose 
of ethanol were used, of if a different time window after 
injection were examined. 



Are there any "generalizable " strain differences 
in ethanol responsiveness? 

The reader should not be too discouraged by the appar- 
ent specificity of genetic influence on behavioral end- 
points in mice. Certain generalizations appear to be rela- 
tively robust against procedural variations such as etha- 
nol dose, time window, and other details of the method 
employed. A systematic review of the inbred strain liter- 
ature on responses to alcohol and other drugs appeared 
nearly 20 years ago (Broadhurst 1978). In a review con- 
centrating on alcohol responses (Belknap 1980), results 
on fewer than 25 studies, which constituted most of the 
relatively few studies that were available, suggested (hat 
there were sufficient data for comparing only three in- 
bred strains of mice - C57BL/6J, DBA/2J, and BALB/cJ. 
Excellent subsequent reviews of this literature have since 
appeared (e.g., Deitrich and Spuhler 1984). Horowitz 
and Dudek (1983) pointed out the response-specificity of 
genetic sensitivity to drugs. They also offer instructive 
discussion of the many intervening variables that can 
confound simple attribution of an individual's character- 
istic drug sensitivity to that individual's genotype. For 
example, if strains differ in drug absorption or metabo- 
lism, administering an equal dose to each strain may lead 
to different brain concentrations of the drug at the time 
of testing. A strain with low brain drug levels may be 
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deemed "insensitive" but the mechanisms underlying 
this would be pharmacokinetic and not due to differences 
in the sensitivity of the brain systems mediating drug re- 
sponse. This concern appears not to be critical for many 
responses to ethanol. When sensitivity of 15 inbred 
strains to several ethanol responses was' screened, blood 
or brain ethanol concentration was not significantly cor- 
related with behavioral sensitivitv for any variable 
(Crabbe etal. 1994b). 

A recent review of mouse inbred strain difference 
studies employing ethanol summarized results from over 
100 studies (Phillips and Crabbc 1991). The consistent 
finding is that C57BL/6J mice (and other related C57 
strains) willingly ingest ethanol solutions, while DBA/2 J 
(and other, related DBA strains) avoid any detectable 
concentrations of ethanol (McClcarn and Rodgers 1959; 
Fuller 1964; Schneider etal. 1973; Phillips and Crabbe 
1991; Belknap and OTooJc, 1991; Belknap et al. 1993a, 
b). The DBA/2 strain is, however, generally more sus- 
ceptible to the low-dose locomotor stimulant effects of 
ethanol than the C57BL/6 strain. The relative sensitivity 
to ethanol of the C57BL/2 and DBA/2 strains depends 
- upon the response variable studied: neither appears to be 
systematically more sensitive across all other response 
domains. 

The severity of physical dependence, as evidenced by 
withdrawal symptoms following cessation of ethanol ad- 
ministration, is markedly more severe in DBA/2 strains 
than in C57BL/6 strains, and DBA/2 strains are generally 
the most severely withdrawing strains compared to other 
inbred strains as well (Crabbe etal. 1983; Metten and 
Crabbe [994). This generalization cannot be extended to 
ethanol tolerance, where the strain difference depends 
upon the particular response studied. 

A final issue where inbred strain studies appear to of- 
fer firm support over the years is the genetic relationship 
between sensitivity and tolerance to ethanol. An early 
survey of 20 standard inbred strains found that sensitivi- 
iy and tolerance to ethanol hypothermia were genetically 
correlated (Crabbe et al. 1982). A more recent survey of 
more than 20 recombinant inbred strains corroborated 
this result (Crabbe ct al. 1994a), and found that sensitivi- 
ty and tolerance to rotarod ataxia (Gallaher etal. 1996) 
and grid-test ataxia (Phillips etal. 1996) also showed a 
positive correlation between magnitude of sensitivity and 
tolerance. Comparison of Rl strain sensitivities across 
these three measures, however, revealed no substantial 
correlations among the three sensitivity measures, or 
among the three tolerance measures (Crabbe et ah 1996). 
This suggests that a strain (and by extension, an individ- 
ual mouse) initially predisposed genetically to be sensi- 
tive to a particular effect of ethanol is likely to develop 
more tolerance to that effect with repeated exposure. 

The literature on inbred strain differences in response 
to ethanol argues strongly for not attempting to extrapo- 
late genetic "sensitivity" beyond the specific task stud- 
ied. That is, the genetic determinants of behavioral sensi- 
tivity to one domain of ethanol effects are to a great ex- 
tent unrelated to those determining other responses. Al- 



though strains also differ in blood and brain ethanol con- 
centrations achieved after a fixed dose, studies thus far 
suggest that strain differences in response to ethanol are 
more likely to be due to functional differences at the rel- 
evant central nervous system target of ethanol. Certain 
inbred strains have robust and predictable responses to 
particular ethanol effects, and individual sensitivity at 
least to some sedative effects of ethanol, appears to pre- 
dict propensity to develop tolerance. 

Thus, the choice of an "ideal" strain for a particular 
ethanol response depends upon the response, and wheth- 
er a high-, moderate- or low-scoring strain is sought. 

Nicotine 

Current evidence argues, as is the case for alcohol, that 
genetic factors influence virtually every aspect of nico- 
tine's actions. Inbred mouse strains differ on both the 
stimulant and depressant effects of a first dose of nico- 
tine, and on the development of tolerance to repeated 
doses ot nicotine. 

Table 5 shows the nicotine dose required to produce a 
standard effect, such as an ED 50 value, for 19 strains of 
mice, on a variety of behavioral and physiological mea- 
sures, using methods previously described (Marks etal 
1989a: Miner and Collins 1989). A principal component 
analysis of genetic influences on Lhe first dose sensitivity 
presented in the data of Table 5 detected two major com- 
ponents, one that is typified by nicotine-induced seizures 
and the other by Y-maze crossing and rearing activity 
and body temperature (Marks etal. 1989b). One gene 
which may be common to one of the principal compo- 
nents is the ct 4 nicotinic receptor gene, which codes for 
Plll-mcotinc binding. Approximately 35-40% of the 
variance in sensitivity to nicotine on the Y-maze and 
body temperature measures seems to be attributable to 
differences in the number of [ 3 Hl-nicotine binding sites. 
Similarly, the a 7 nicotinic receptor gene seems to be as- 
sociated with nicotinic-induced seizures. 

Inbred mouse strains also differ on the development I 
of tolerance to nicotine, as measured by the Y-maze and I 
body temperature measures (Marks et al. 1991). Intrave- | 
nous infusion of saline or a nicotine dose ranging be- ! 
tween 0.5 and 6 mg/kg per hour for 16 days produced a j 
right shift in the dose-response curve for the effects of I 
nicotine. The threshold tolerance dose for six inbred I 
strains is given in Table 6. Inbred mouse strains also dif- I 
ter in oral self-administration of nicotine (Robinson ct al. [ 
1996). Daily intake of nicotine and water was tested in a j 
two-choice paradigm, using concentrations of nicotine I 
ranging between 10 and 200 ug/ml. As die nicotine con- ! 
ccntration increased, all of the strains showed a concen- ! 
tration-dependent decrease in the maximum volume of I 
nicotine-containing solution consumed. The nicotine I 
concentration that produced a 50% decrease in the vol- J 
ume of nicotine solution consumed, the IC 50 value, is }\ 
given for six strains in Table 6. Correlations between the t\ 
preference measures and acute sensitivity to nicotine and |j 
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Table 5 Genetic influences on first dose sensitivity lo nicotine* 



Strain 


R p ^nirfi 1 fvrv 


Startle 


Y-maze 


Y-rnaze 


Heart rate 


Body 


Nicotine 


rate 




crosses 


rears 


(ED mC) 


temperature 


seizures 










( ED.:/ ) 




(ED_ 2 ») 


(ED VJ ) 


a /"! /11m 

/V/j/lt'g 


0 78+0 no 


- 1 67+0 6 1 


0 80+0 3 1 


0.41+0.21 


0.82±0.13 


0.55+0.06 


3.12±0.13 




1 48+0 09 

1 .HOIU. VJ,/ 


— O 73+0 4f> 


1 .42+0.3 1 


1 .26+0.27 


1 60+0 25 


1.37+0.20 


4.95±0.14 


o A 7 R//'RvI 


0 67+0 17 


+2 04±1 48 


1 06+0 06 


0.97+0.20 


0.95+0.33 


0.92±0. 1 7 


3.79+0.11 


f> 1 I O /P n T 

BUn/nnJ 


1.29+0.23 


+2.27±1.75 


] .89+0.33 


1 32±0 36 


1.48+0.24 


2.53+0.08 


4.52+0.06 


Cfc>A/J 


0 73+0 31 




1 43±0.2 1 


1 .4 1 +0.2 1 


1.41 ±0.1 9 


1 56+0 36 


3.53±0.09 


Q?rVZlDg 


J 10+0 14 


+3 70+0 73 


1 .78+0.33 


! 50+0 10 


1 .25+0.24 


1.32±0.09 


3.13±0.09 






-I 77±1 05 


0 S l+O IK 


t\ 4S+0 18 


0 90+0 '23 


0 80+0 1 6 


5.30+.0.26 




i i a+o 1 7 


+0 73-+- 1 OS 


0 40+0 9 1 


0 37±0 27 


1.12±0.12 


0 fil+0 21 


3.55+0.04 




0.43+0.24 


-0.76±0.22 


1.07±0.13 


0.92±0.11 


U0+JX20 


1.59+0.32 


462±o!oi 


C57L/J 


0.97±0.47 


-0.10+0.06 


1.17+0.27 


0.80±0.12 


1.36+0.40 


1.20+0.11 


4.99+0.05 


C58/J 


2.66+0.41 


+0.49±0.94 


1.82+0.08 


1 .54+0.22 


1.28+0.48 


2.07+0.06 


5.89±0.19 


DBA/U 


1.49+0.11 


-0.10+1.32 


0.93±0.31 


0.94±0.42 


0.94±0.24 


l.02±0.26 


6.16±0.02 


PBA/2J/Jbg 


1.25+0.11 


-0.80±0.87 


0.97+0.31 


0.80+0.06 


0.94±0.24 


0.89+0.19 


5.21x0.12 


LP/J 


0.75±0.30 


-1.18+0.54 


1 .04+0.34 


0.95±0.26 


1 .79+0.35 


1.30±0.15 


4.50=0.01 


P/J 


0.77+0.23 


-0.20+2.30 


t.25±0.17 


0.96+0.15 


J. 34+0.23 


1.10+0.12 


4.30±0.02 


RfflS/J 


0.93±0.43 


+ 1.44+0.41 


i.62±0.J7 


J.46±0.17 


1.98±0.79 


1.19+0.17 


3.65+0.14 


SJUI 


i .00+0. H 


+0.11+0.95 


J.32±0.24 


1.18+0.22 


2.03*0.71 


1.23±0.09 


4.73+0.24 


ST/bJ 


0.41+0.04 


+4.52±0.94 


0.93±0.21 


0.64±0.27 


0.98±0.18 


1.47±0.23 


2.34±0.09 


SWR/J 


1.19±0.25 


-0.28±0.46 


1.42±0.49 


I.I9±0.36 


2.19+0.45 


1.18+0.20 


4.48+0.12 



* Dose-response curves for each of the responses to nicotine were 
analyzed by linear regression and parameters reflecting the sensi- 
tivity of mice of each of the 19 inbred strains were calculated to 
provide a comparison of the relative sensitivity or each of the 
strains 10 the effects of nicotine. The following calculations were 
made: respiratory rate. ED 2W) , the dose (mg/kg) required to stimu- 
late respiratory rale lo 260" breaths/mi n; startle response, slope of 
the dose response curve (change in startle score for each 1 mg/kg 



increase in dose of nicotine); Y-maze crosses and Y-maze rears, 
ED 50 , the dose (mg/kg) required to reduce the number of crosses 
or rears to 50% of control levels; heart rate, ED_ l0()t the dose 
(mg/kg) required to reduce heart rate by 100 bcats/min; body tem- 
perature, ED_-,o, the dose (mg/kg) required to lower body tempera- 
ture by 2°; and nicotine-induced seizures, ED 50 . nicot'fne dose that 
elicits seizures in 50% of I he animals. Data are presented as the 
rneaii±SEM 



Table 6 Genetic influences on 
nicotine tolerance and self-ad- 
ministration* 





Threshold tolerance 


Nicotine consumption 


Nicuiiue consumption 




dose 


max dose 




A 


2.32+0.31 


5.7+0.3 


42.8+8.9 


BUB 


3.52+0.60 


6.2±0.S 


72.0±17.2 


C3H 


3.9.1±0.44 


4.8+0.5 


40.2±7.6 


C57BL/6 


1.12±0.46 


11.7+1.1 


1 14.1 ±20.2 


DBA/2 


2.73+0.25 


8.2±0.6 


89.7+12.3 


ST/b 




2.8±0.3 


32.4+7.9 



* Threshold tolerance dose is reported in terms of m«/kg per hour. Mice of the six strains were in- 
fused with nicotine doses ranging between 0/25 and 6.0 mg/kg per hour. The minimal infusion dose 
that increased the effective dose for nicotine's effects on activity and temperature by 0.25 mg/kg (see 
Marks et a I. 1991) was established as the lowest infusion dose (threshold) that produced reliable tol- 
erance to nicotine. Maximal nicotine consumption (mg/kg per day) and the nicotine concentration 
(pg/ml) that decreased preference ratios to 50% of the values obtained with a wnter-ug/ml nicotine 
solution were calculated as described in Robinson et al. (1996) 



threshold tolerance dose were also calculated. The corre- 
lation between maximal oral intake dose and ED 50 for 
nicotine-induced seizures proved to be highly significant 
(r=:0.89, P<0.01). The higher the nicotine-induced sei- 
zure ED 30 value, the higher the nicotine intake. This 
finding could mean that a genetic factor related to sei- 
zures serves to limit oral intake of nicotine. 

Analogous to the ethanol section above, the choice of 
a "best" strain for a particular nicotine response depends 
upon the response, and whether a high-, moderate- or 
low-scoring strain is sought. 



Cocaine 

Marked inherent differences have been noted for many 
of the behavioral and physiological effects of cocaine. 
Among these, the locomotor stimulant property of co- 
caine has been the most thoroughly characterized (Ruth 
etal. 1988; deFiebre eta). 1989; George 1989; Wiener 
and Reith 1990; George and Ritz 1991; Jones etal. 
1991; Tolliver et al. 1994; Womer ct ai. 1994; Miner and 
Marley 1995a; Miner 1997). However, because of the 
wide variety of techniques used to assess locomotion in 
these studies (e.g. Y-maze, square and round open-field, 
monitors; differing times of assessment ranging from 5 
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to 60 min, different strains and substrains tested, and dif- 
fering doses) comparisons among these studies and 
therefore a general rank ordering of strain sensitivity is 
difficult. Nonetheless, close examination of the data can 
yield some generalities. The C57BL/6 and DBA/2 
strains have been the most thoroughly studied and in al- 
most every study, the DBA/2 strain is more sensitive to 
the locomotor stimulant effects of cocaine than the 
C57BL/6 strain. Only one study to date has character- 
ized cocaine response in the 129/Sv strain, which along 
with the C57BIV6 strain, is the most common progenitor 
strain for knockout mice (Miner 1997). Comparison with 
the C57BL/6 strain demonstrated that the two strains 
were nearly identical in locomotor activation after co- 
caine. A potential confounding factor, however, was that 
the generally hypoactivc 129/Sv strain had a significant 
three to four-fold increase in activity after saline injec- 
tion which may be adding to the pharmacological effects 
of cocaine. 

The rewarding effects of cocaine have also been ex- 
amined in a handful of studies for several inbred mouse 
strains. Oral cocaine self-administration (George and 
Goldberg 1989; Scale 1993) has been compared between 
the C57BL/6 and DBA/2 strains, with the C57BL/6 mice 
having higher consumption of solutions containing low 
concentrations of cocaine. The C57BL/6 strain also 
shows rapid acquisition and maintainance of intravenous 
cocaine self-administration (Grahame et al. 1995). Con- 
ditioned place preference has also been used lo compare 
cocaine reward among several inbred mouse strains (Sc- 
ale and Carney 1991; Miner 1997). In general, the 
C57BL/6 and BALB/cBy strains show a behavior pattern 
indicative of high reward, whereas the DBA/2 does not. 
Other strains, AKR, C3H, CBA, SJL, show moderate re- 
sponses. The 129/Sv strain shows no significant reward 
response using the same conditions that produce signifi- 
cant place preference for the C57BL/6 strain (Miner 
1997). 

Genetic differences in sensitivity on a variety of other 
cocaine responses have also been reported for a variety 
of inbred mouse strains. The phenotypes examined in- 
clude seizure suseptibility (dcFicbre ct al. 1989; Marley 
et al. 1991; Miner and Marley 1995b), kindling (Marley 
etal. 1991), cardiovascular function (Ruth ct al. 1988; 
deFiebre etal. 1989), scnsitization/tolerancc (Shuster et 
al. 1977; Tolliver and Carney 1994; Tollivcr ct al. 1994) 
hepatotoxicity (Thompson etal. 1984; Shusicr etal. 
1988) and thermoregulation (deFiebre etal. 1989). A 
sizeable data base has been gradually accumulating 
which describes cocaine sensitivity in a numher of in- 
bred mouse strains. To date, the C57BL/6 and DBA/2 
strains have been the strains of choice for analysis. 
While both the C57BL/6 and 129 strains are used in 
transgenic and knockout studies, the 129 strains have 
been little studied and their sensitivity to cocaine has 
been described in only one study (Miner 1997). 

While the largest body of data has been obtained from 
the C57BL/6J strain, given the relatively little work done 
to dale exploring strain differences in cocaine-related 




phenotypes, especially cocaine self-administration, it i s 1 
too early to recommend an optimal mouse strain for \ 
transgenic and knockout studies relevant to cocaine. | 



Opiates 

Morphine and opioid-relaled traits have been best char- 
acterized for the C57BL/6 and DBA/2 strains, and for a 
recombinant inbred strain, CXBK, derived from 
C57BL/6By and BALB/cBy. In contrast, the 129 strains 
have been almost entirely ignored. Most of this literature 
has been reviewed by Belknap and O'Toolc (1991) and 
Mogil etal. (1996), Following opioid administration, the 
C57BL/6 strain has distinguished itself as a marked 
"runner" (high locomotor activation) in the open field, 
low on hot plate-assessed analgesia, very sensitive to 
naloxone-induced jumping (an index of withdrawal se- 
verity) after chronic morphine exposure, and very high 
on voluntary intake of morphine solutions. In conuast, 
the DBA/2 strain is frequently reported to be opposite on 
all of these opioid-sensitive measures. A partial explana- 
tion for these marked strain differences is that the 
C57BL/6 strain is estimated to differ genetically from 
other inbred strains to a greater degree than is usually the 
case for other pairs of strains (Taylor 1972). Populations 
derived from these two strains have recently been studied 
at the QTL level for morphine preference drinking (Ber- 
rettmi etal. 1994) and analgesia (Belknap etal. 1995). 
The CXBK strain is unique because it is insensitive to 
many effects of morphine and other opioids, and appears 
to be deficient in mu opioid receptors but normal in delta 
opioid receptors. Given the wealth of data concerning 
them, and their large strain differences, the C57BL/6 and 
CXBL arc good choices of mouse strains for transgenic 
and knockout studies relevant to opiates. 



Antipsychotics 

Catalepsy is defined by maintaining a fixed rearing pat- 
tern for 30 s, 15 min after the IP administration of halo- 
peridol (Hitzemann et ah 1991). Hitzemarm and cowork- 
ers have used haloperidol -induced catalepsy in mice as a 
model to investigate the genetics of neurolep tic-induced 
extrapyramidal symptoms. Halopei idol-induced catalep- 
sy shows a 30-fold variation in ED 50 values (determined 
according to Dixon et al. 1965) among 40 inbred and re- 
combinant inbred (RI) strains of mice; this range of vari- 
ation is shared by all typical neuroleptics and is not the 
result of differences in pharmacokinetic parameters 
(Kancs ct al. 1993; Dains et al. 1996). The most sensitive 
strains and their respective ED 50 values are BALB/c (0.3 
mg/kg), AKR (0.45 mg/kg) and DBA/2 (0.48 mg/kg). 
The least sensitive strains are BXD RI #2 (7.9 mg/ke), 
LP (9.5 mg/kg) and C57L (10 mg/kg). The commonly 
used C57BL/6 strain has an ED 50 of 3.8 mg/kg. Recom- 
mendations of strains for mutations relevant to neurolep- 
tic-induced catalepsy include these most-sensitive and 
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least-sensitive strains, appropriate to the hypothesis io be 
tested. 

Kanes etal. (1993) observed that among eight inbred 
mouse strains there is only two- fold variation in the caLa- 
jepsy induced by the Dj receptor antagonist, SCH 23390; 
the most sensitive strain is C57BL/6 (0.2 mg/kg); the 
least sensitive strain is AKR (0.4 mg/kg). These authors 
also observed that there is no correlation between halo- 
peridol- and SCH 23390-induced catalepsy. 

Kanes ct al. (1996) determined the strain means (aver- 
age ED 50 values) for 25 strains of the BXD RI series and 
correlated these means with the strain distribution pat- 
terns of 1300 marker loci, each mapped to a chromosom- 
al region and showing allelic differences between the 
C57BTY6 and DBA/2 strains. This process identified six 
provisional QTLs at P<0.01. Two of these QTLs (one 
near the b locus on chromosome 4 and one near Drdl on 
chromosome 9) were confirmed at P<0.01 or better in 
144 B6D2 F 2 individuals phenotyped for haloperidol-in- 
duecd catalepsy and genotyped using microsalellite 
markers. At the b locus the D 2 allele is associated with 
enhanced response while at the Drdl locus, the D 2 allele 
is associated with non -response. These relationships 
were also confirmed in a new sample of 470 F2 individu- 
als by noting significant associations between haloperi- 
dol response and brown coat color (P<0.01) and dilute 
coat color (P<0.03). The d locus is located distal to the 
Drd2 on chromosome 9 and near Htlb. Finally, Rasmus- 
sen et al. (unpublished data) examined the relationship 
between coat color and haloperidol response in 550 F2 
animals formed by crossing the BALB/c and LP strains 
(the extremes of the distribution for inbred strains). The 
appearance of piebald spotting was significantly en- 
hanced in the haloperidol non-responders (P<0.0005). 
This association is of interest, since the s locus is located 
near the Htrla serotonin receptor gene. 



Anxiolytics 

Strain distributions have been described for two standard 
animal models of anxiety-like behaviors, mouse 
lightodark exploration and the elevated plus maze. Both 
represent approach-avoidance conflicts; both have been 
optimized for mice, 

The mouse lightf-*dark exploration model of anxiety- 
related behaviors is based on the ethologically-relevant 
conflict between the tendency of mice to explore a novel 
environment, and the avcrsive properties of a brightly lit 
open field (Crawley and Goodwin 1980; Crawley 1981). 
A standard rat cage is divided into two compartments, 
one large, open, and lighted, the other small, dark, and 
enclosed. An automated photocell array at the opening 
between the two compartments measures transitions be- 
tween the light and dark compartments and the time 
spent in each. As with many experimental protocols, 
drugs that affect general motor function will affect 
light^dark performance, such that parallel experiments 
for general locomotion in an automated open field serve 



Table 7 Anxiety-re I aled behaviors 



Mouse strain 



Number of light«-»dark transitions 3 





Baseline 


Response to diazepam 


C57BL/6J 


49±3 


91±11* 


Swiss Webster/NIH 


38+2 


67±4* 


DBA 


21±2 


27±7 


CF-J 


20±4 


26±3 


Swiss Webster/Marian 


I4±6 


24±3 


A/.T 


9±1 


I0±2 


BALB/c J 


8±3 


7±5 



a Modified from Crawley and Davis (1982) and Matins et ah 
(1994) 

* P<0.01. Number of light<-nlark transitions after diazepam treat- 
ment significantly greater than number of light<-^dark transitions 
after vehicle treatment 



as necessary controls. Extensive pharmacological char- 
acterization of the lightf-Klark model has shown that an- 
xiolytic dings increase exploratory behaviors, as mea- 
sured by the number of transitions and/or time spent in 
the dark, while other classes of drugs do not (Crawley 
and Goodwin 1980; Crawley 1981; Crawley etal. 1981, 
1986; Mathiset al. 1994, 1995). 

Strain distribution analysis of four inbred and three 
outbred strains of mice, on baseline number of 
light*->dark transitions and on response to diazepam (Va- 
lium), is presented in Table 7 (Crawley and Davis 1982; 
Mathis el al. 1994). Strains of mice which show strong 
responses to anxiolytics include the C57BL/6J from 
Jackson Labs and the NIH/s from the National Institutes 
of Health Veterinary Resources breeding center (Crawley 
and Davis 1982; Mathis etal. 1994, 1995). Strains with 
low numbers of baseline transitions generally show weak 
responses to anxiolytics (Crawley and Davis 1982; Ma- 
tins et al. 1994. 1995). 

The elevated plus maze is based on a similar conflict 
between the tendency of mice to explore a novel environ- 
ment, and the averstve properties of an open, elevated vi- 
sual cliff (Pellow etal. 1985; Fellow and File 1986; List- 
er 1987). The elevated plus maze is generally construct- 
ed of black Plexiglas, consisting of two open arms and 
two enclosed arms, extending a right angles from a cen- 
tral platform, with the entire apparatus raised at least 30 
cm from the floor. Anxiolytic drugs increase the number 
of entries into the open arms, as compared to number of 
entries into the closed arms. Time spent in each arm. and 
percent time or percent number of entries into each arm, 
provide additional useful parameters. Percent number of 
entries into the open arms is considered the best measure 
of anxiolytic tendencies or lack of tearfulness. Total 
number of entries into all four arms of the maze provides 
an independent measure of non-specific drug effects, e.g. 
a sedating dose of a drug will decrease total number of 
entries, a psychostimulant will increase total number of 
entries. 

Strain distribution analysis of 16 inbred strains of mice 
on elevated plus maze behavior was published by Trullas 
and Skolnick (1993). Rank order of percent entries into the 
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open arms was BALB/cJ >BALB/cByJ >CBA/J=C3H/HcJ 
>NIH/Nudc >C3H.SW/SnJ >C3H/HeN >DBA/2J >AKR/J 
>NZB/B1NJ >C57BL/6BvJ >C57BL/6J >B10.BR/SgSnJ 
>B10.D2/nvSaT >C57BL/iOJ >A/J. Strain distribulions on 
responses to benzodiazepines in the elevated plus maze 
have not. been conducted to date. 

It is interesting to note similarities and differences in 
the strain distributions between the elevated plus maze 
and the light<->dark models. The A/J strain was the most 
anxiogenic-likc or fearful, and the DBA strain was mod- 
erate on both number of light<-»dark transitions and per- 
cent entries into the open arms of the elevated plus maze. 
The C57BL/6J strain was moderate on the elevated plus 
maze, while exhibiting low tearfulness and a robust anxi- 
olytic response to diazepam on light<H>dark transitions. 
BALB/cJ was the least fearful on the elevated plus maze, 
while among the most fearful in the Iight<->dark cham- 
ber. Differences in strain distributions between two relat- 
ed animal models of anxiety serve to highlight the fact 
that each experimental protocol represents a unique set 
of behaviors, which are regulated by a unique set of en- 
vironmental, neuroanatomical, neurochemical, neuro- 
pbysiological, and genetic factors. 

For the ligbtodark transitions model of anxiety-relat- 
ed behaviors, the C57BL/6J strain is recommended for 
null mutations predicted to increase, and the A/J strain is 
recommended for null mutations predicted to decrease, 
anxiety-like behaviors. 



Discussion 



Traditionally, genetic approaches toward studying behav- 
ior in mice have focused on pre-existing, "natural" ge- 
netic differences amongst laboratory "inbred strains. 
These differences are manifest either as single gene mu- 
tations with a major influence on trait variance, or as 
complex traits whereby multiple genes plus environmen- 
tal factors influence the behavior. Identification of single 
gene neurological mutations is now possible in mice, and 
some of these mutations have behavioral manifestations, 
such as weaver (Patil et al. 1995) and Attn (Barlow et al! 
1996). However, most natural variants present them- 
selves as complex quantitative traits. Recent advances in 
molecular and quantitative genetics have made possible 
the chromosomal mapping of QTLs, the genes that un- 
derlie behavioral traits, by relating individual differences 
to a dense map of genetic markers (Lander and Botstein 
1989). Extension of these methods to use existing re- 
combinant inbred strains (Plomin et al. 1991) pioneered 
a rapid expansion of the QTL method to study behavioral 
and drug-response traits (e.g., Gora-Maslak et al. 1991; 
Johnson et al. 1992; Belknap et al. 1993; Flint etal! 
1995; Maihis el al. 1995). Yet the molecular identifica- 
tion of the gene(s) involved in complex behavioral traits 
is still a major challenge, even in today's high-tech atmo- 
sphere. Targeted germ line mutations have become a 
powerful alternative tool for studying the genetic basis of 
behavior. 



The description of behavioral phenotypes of inbred 
strains of mice, provided above for a variety of behavior- 
al paradigms, is a useful guide for choosing the best in. 
bred strains for studying knockout or transgenic behav- 
ioral phenotypes. The principles upon whidh these sum- 
manes are based would readily apply to most other be. 
havioral paradigms. The construction and propogation of 
single gene mutant mice for behavioral studies should 
address not only the status of the single gene mutation 
but also the genetic background. The data described 
above can be further used to guide breeding strategies 
and the potential development of new embryonic stem 
cell lines. 



Caveats: environmental effects 

Strain differences in most behaviors are environment-de- 
pendent. Hffects of prenatal, postnatal, preweaning, nu- 
tritional, husbandry, and physical environments' are 
known. For example, the presence of an adult male in the 
postnatal/preweaning period facilitates aggression, and 
water deprivation of adults decreases aggression (Max- 
son 1992b). The stress of shipping mice from the suppli- 
er to the lab may produce irreversible effects on some 
behaviors. Strain by environment interactions resulting 
m long-lasting behavioral changes in mice may explain 
behavioral differences between mice used directly from a 
vendor and mice used from the investigator's local 
breeding colony. It is crucial to use identical environ- 
mental and test conditions within the same laboratory en- 
vironment, to compare behaviors for the mutants, hetero- 
zygotes, wild type littermates. and the parental strains 
used to create and propagate the mutation. 



Breeding strategies 

Thoughtful breeding strategies can avoid some of the po- 
tential confounding problems of unusual background 
genes. If the strain of the embryonic stem cells is the 
same as that used in the test cross during the construc- 
tion of the null mutant, then the strategy is simple. The 
null mutation is on a Fixed inbred background and the 
colony is maintained as an inbred colony with a single 
genetic background. The behavioral effect of a knockout 
or transgenic could be determined on a uniform genetic 
background. However, when the mutation is transferred 
to other genetic backgrounds, particularly using a strain 
with some endogenous behavioral or anatomical abnor- 
mality, the issues are more complex. For example, many 
substrains of 129 mice, including many used for embry- 
onic stem cells in most knockout mice, show an aberrant, 
incomplete corpus callosum, the mam fiber bundle that 
connects the right and left hemispheres of the cerebral 
cortex (Livy and Wahisten 1991). The contribution of an 
unusual behavioral phenotype from the ES line must be 
factored into the cross with another strain, such as 
C57BL/6, at the time of generating chimeras. The Fls 
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that are heterozygous for the null mutation arc bred to 
produce the F2 population, which will be tested for the 
phenotypc of interest. While the Fl hybrids are isogenic, 
the F2 mice are not. There will be variability across indi- 
viduals because independent assortment and recombina- 
tion produces new combinations of segregating back- 
around genes from the two parental lines. These new ar- 
rays of background genes may have profound influences 
on new behavioral phenotypes t or may even synthesize 
them de novo. To assess the impact of a null mutation, 
wild-type mice must be compared with mutants within 
litters, as well as across several litters derived from 
crosses of Fl mice. The phenotype of these F2 mice 
might be complicated by unusual background genes. It is 
virtually impossible to calculate the number of mice that 
must be tested to represent all possible combinations of 
important background genes, since this requires prior 
knowledge of the heritability of a specific phenotype in 
that particular genetic cross. One robust, Lhough labori- 
ous way around this is to examine enough mice to dem- 
onstrate a "highly significant*' association between mark- 
er and phenotype, i.e. standard linkage guidelines (Land- 
er and Schork 1994; Lander and Kruglyak 1995). Alter- 
natively, it may be as helpful to consider how the mutant 
phenotype compares with that of other common mouse 
strains. For example, if the phenotype is within the range 
of normal variation, than a synthetic background effect 
would be more difficult to exclude. In general, because 
the animal costs behind doing these experiments proper- 
ly may be prohibitive to many investigators, such com- 
mon sense methods are useful. 

Establishing a breeding colony for a knockout mutant 
can be conducted at the F2 stage, If viable offspring can 
be generated from crossing homozygotes, then separate 
homozygous lines and wild- type lines might be generat- 
ed. However, this could produce inbreeding of back- 
ground genes which influence the polygenic traits to be 
analyzed. Using a large number of families established at 
this point will increase the probability of preserving ran- 
dom combinations of background genes, resulting in a 
better assessment of the impact of the null mutation. 

Another short-term strategy is to breed heterozygotes 
from different founder families to derive homozygotes, 
heterozygotes, and wild-types for behavioral compari- 
sons. To keep the probability low for unwanted inbreed- 
ing of background genes, heterozygotes can be generated 
from heterozygote wild type crosses. Clearly, the greater 
the number of breeders the better. The breeding colony 
should be maintained in subsequent generations by breed- 
ing only animals that are distant relatives. For example, 
never breed animals that have common grandparents. 

The best long-term strategy is the creation of congen- 
ics. To retain the single gene mutation on a fixed genetic 
background, the null mutation is usually moved to a 
standard inbred background through systematic back- 
crosses, to creaLe a congenic line (for a description of 
congenics, see Silver 1995). Considerations for the 
choice of the recipient inbred strain for the movement of 
a single gene have been extensively discussed (Smithies 
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and Maeda 1995). Briefly, the size of the DNA segment 
ultimately transferred in the creation of a congenic is 
larger than the null mutant gene because of the physical 
constraints of recombination. Therefore, linked sequenc- 
es that may influence the phenotype will be bred onto the 
desired genetic background. Naturally occurring DNA 
polymorphisms in the gene of interest, or in linked se- 
quences, could affect the phenotype. A separate congenic 
line for the wild-type gene should also be created by re- 
taining animals created from embryonic stem cells with 
the wild-type allele of the gene of interest. 



A note on nomenclature 

From the present review, it is clear that there are large 
behavioral differences among various inbred strains of 
mice, which may be used to develop transgenics and 
knockouts. In addition, there are often significant sub- 
type differences within several of the inbred strains. For 
example, 129/SvEvTac are good learners in the Morris 
water task and contextual fear conditioning, and show 
good startle reflexes, whereas 129/SvJ are poor learners 
and show reduced startle (see previous sections). There- 
fore, the strains of mice used for the embryonic stem 
cells and for breeding need to be stated in every publica- 
tion. Nomenclature recommended by the International 
Committee on Standardized Genetic Nomenclature for 
Mice, and published by The Jackson Laboratory (Web 
Site http://www.informatics.jax.org/nomen/ and Jax 
Notes, Winter 1996), includes the strains of origin, the 
designation as Fl hybrid if appropriate, the allele of the 
targeted mutation, and the slock number from the suppli- 
er. For example, B6,129-Apoe tmlUn ^ 29 (Jackson Stock 
#1000) denotes the first targeted mutation of the Apoe 
gene made in 129 ES cells at the University of North 
Carolina and maintained on an inbred strain whose ge- 
netic background is derived from C57BL/6 and 129 
strains at Jackson Laboratory, fictitious stock #1 000. 



Embryonic stem cell lines 

Virtually all ES lines for gene targeting are made from 
substrains of 129 mice. The 129 strains have proven es- 
pecially useful for creating germline competent ES lines. 
Since it is an arduous task to develop each knockout, in- 
vestigators rely heavily on technologies with proven suc- 
cess, and 129-based ES lines have an impressive record 
of success. Undoubtedly, the preponderance of knock- 
outs will continue to be made with embryonic stem cells 
from 129 substrains. Behavioral geneticists studying a 
knockout or transgenic mouse derived from a 129 sub- 
strain need to evaluate the performance of the particular 
substrain of 129 in each relevant behavioral test, espe- 
cially where substrain performance on that task has not 
been previously reported. As shown above, there are 
wide performance variations among 129 substrains for 
learning and memory, startle, and prepulse inhibition. 
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Table 8 Comparison of inbred mouse strains C57BL/6 and 
DBA/2 on behavioral phenotypes 



Behavior 



Strain 



C57BL/6 



DBA/2 



Open field activity a 


High 


Moderate 


Learning (Morris water task) b 


Good 


Poor 


Male offense aggression 0 


Low 


High 


Copulation^ 


High 


Low 


Parental behaviors 0 


Low 


Moderate 


Acoustic startlc f 


Moderate 


Poor 


Prepulse inhibition 1 ' 


Low 


Moderate 


Anxiety 1 -? 


Low- 


Moderate 


Bthanol ingestion 11 
Cocaine self-administration* 


High 


Low 


High 
High 


Low 


Morphine locomotor activation" 


Low 


Haloperidol-induced catalepsy* 


Low 


High 



a Crabbe(I986) 

h Upchurch and Wehner (1989) 

I'Selmanoffet al. (1976) 

d McGi!i (1970) 

c Carlier et ah (1982) 

f Pay lor and Crawley (1996) 



s Crawley and Davis (1982) 
h Belknap ei ah (1993) 
i Seaie(l991) 

j Belknap and O'Toole ( 1 99 1 ) 
k Kaneset al. (1993) 



Further behavioral analyses of 129 substrains will likely 
provide investigators with information on 129 substrains 
that have general utility for behavioral tasks, and may re- 
veal particular strengths and weaknesses of 129 sub- 
strains in individual tasks. 

Specialized ES lines have been c reared by investigators 
that have specific research interests. C57BL/6J (Lederman 
and Burki 1991; Wiles and Keller 1991) and CD-I (Suda 
ct al. 1987) lines have been developed. The germline po- 
tential of these lines has not be tested extensively, nor 
have gene targeting rates been evaluated systematically. 
Therefore, the general utility of these lines for the creation 
of knockouts remains to be determined. Of note, Fl hy- 
brid ES lines have been produced between 129 and 
C57BL/6J with germline potential after genetic manipula- 
tion (Martin 1981; R. Jaenisch, personal communication). 

The behavioral geneticists authoring this article have 
reached a consensus that the most useful inbred strains 
for new ES lines would be the C57BL/6J and the 
DBA/2J. This opinion is based on the enormous litera- 
ture describing these two strains on a great many behav- 
ioral paradigms, described in detail above, and partially 
summarized in Table 8. It would be useful to make dis- 
ruptions of important behavioral genes directly in ES 
lines made from these strains. This will require testing of 
available cell lines, or the creation of new cell lines, 
from these strains. If successful ES lines arc derived 
from these two strains, the behavioral and molecular ge- 
netics communities will have powerful new tools for cre- 
ating knockout mouse lines to analyze the the genetic de- 
terminants of complex behaviors. 

The future: conditional knockouts 

Conditional knockouts are designed to restrict the effects 
of the mutation to a specific period of adulthood, avoid- 



ing the complications of genetic compensation during 
development, and/or to restrict the effects of the rnuta- 
tion to one cell type, avoiding the complications of ex- 
pression of the mutation throughout the brain and body 
Currently, several laboratories are refining techniques 
that will allow more precise alteration of gene expression 
than the all-or-none alleles created al the blastocyst stage 
of development by standard transgenic and knockout 
technology. Conditional knockouts, using Cre/LoxP 
mediated recombination (Sauer 1993; Tsien et al. 1996) 
and tetracycline activation and repression of expression 
(Gossen and Bujard 1972; Mayford et al. 1996) hold 
great promise in the future for behavioral genetics. Such 
exquisite control of gene expression will allow investiga- 
tors to use the most appropriate controls for behavioral 
experiments, i.e. the same mouse with and without ex- 
pression of a gene. 

Until the conditional knockout technology is further 
refined and routinely available, much can be learned 
from behavioral analysis of transgenic and knockout 
mice as they are produced today, as long as issues such 
as genetic background are properly taken into consider- 
ation. An extremely exciting aspect of this technology is 
its therapeutic implications. Transgenic and knockout 
mouse models of human diseases are now being used to 
develop effective gene therapy strategies for human ge- 
netic disorders. Investment now, in choosing the best 
progenitor strains for each mutation, will pay off later in 
optimized animal models for the testing of new treat- 
ments for genetic diseases. 



Conclusion; choosing the best strain 

The specific hypothesis being tested determines the 
right mouse strain for a new transgenic or knockout ex- 
periment. The information provided in the present re- 
view summarizes findings of inbred mouse strain distri- 
butions for a wide variety of behavioral paradigms and 
scientific questions. Molecular biologists and behavioral 
neuroscientists are encouraged to consult the referenced 
literature, al the beginning stages of their collaboration, 
to choose the optimal strain whose background genes 
will be most appropriate for the specific targeted null 
mutation, and for the specific behavioral paradigm. 
There is no "best" strain that can be recommended 
across all behavioral paradigms for all null mutations. 
Rather, the strain is chosen for its predicted sensitivity 
to the null mutation. High-scoring strains will be ideal 
to detect a null mutation postulated to reduce the behav- 
ioral phenotype; low-scoring strains will be ideal for 
null mutations postulated to elevate the behavioral phe- 
notype; moderate-scoring strains will be ideal when the 
effects of the null mutation could go either way. The 
present authors hope that this article will serve to guide 
investigators to the wealth of available knowledge in be- 
havioral genetics, to make an informed choice of the 
best inbred strain for the development of a new null mu- 
tation. 
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